Saccharomycescerevasiae myristoyl-CoA:protein N-myristoyltransferase (Nmtlp; EC 2.3.1.97) is an essential enzyme that is highly selective for myristoyl-CoA in vivo. It is unclear why myristate (C14:0), a rare cellular fatty acid, has been selected for this covalent protein modification over more abundant fatty acids such as palmitate (C16:0), nor is it obvious how the enzyme's acyl-CoA binding site is able to discriminate between these two fatty acids. Introduction ofa cis double bond between C5 and C6 of palmitate [(Z)-5-hexadecenoic acid] or a triple bond between C4 and CS or C6 and C7 (Y4-and Y6-hexadecynoic acids) yields compounds that, when converted to their CoA derivatives, approach the activity of myristoyl-CoA as Nmtlp substrates in vitro. Kinetic studies of 42 C12-C18 fatty acids containing triple bonds, paraphenylene, or a 2,5-furyl group, as well as cis and trans double bonds, suggest that the geometry of the enzyme's acyl-CoA binding site requires that the acyl chain of active substrates assume a bent conformation in the vicinity of C5. Moreover, the distance between C1 and the bend appears to be a critical determinant for optimal positioning of the acyl-CoA in this binding site so that peptide substrates can subsequently bind in the sequential ordered bi-bi reaction mechanism. Identification of active, conformationally restricted analogs of palmitate offers an opportunity to "convert" wild-type or mutant Nmts to palmitoyltransferases so that they can deliver these C16 fatty acids to critical N-myristoylproteins in vivo. nmtl81p contains a Gly-451 -* Asp mutation, which causes a marked reduction in the enzyme's affimty for myristoyl-CoA. Strains of S. cerevisiae containing nmtl-181 exhibit temperature-senstive myristic acid auxotrophy: their complete growth arrest at 37C is relieved when the medium is supplemented with 500 FM C14:0 but not with C16:0. The CoA derivatives of (Z)-5-hexadecenoic and Y6-hexadecynoic acids are as active substrates for the mutant enzyme as myristoyl-CoA at 24C. However, unlike C16:0, they produce growth arrest of nmtl8lp-producing cells at this "permissive" temperature, suggesting that these C16 fatty acids do not allow expression of the biological functions of essential S. cerevisiae N-myristoylproteins.
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Myristoyl-CoA:protein N-myristoyltransferase (Nmt; peptide N-tetradecanoyltransferase, EC 2.3.1.97) catalyzes the cotranslational transfer of myristate from CoA to the aminoterminal glycine residue of a variety of eukaryotic cellular proteins. These include a number of protein kinases, phosphoprotein phosphatases, components of signal transduction pathways, and polypeptides involved in protein and vesicular trafficking. In addition, both enveloped and nonenveloped viruses encode proteins that are substrates for cellular Nmt.
Addition of myristate is required for full expression of the biological functions of many of these proteins (1, 2) .
Nmt is encoded by single-copy genes in Saccharomyces cerevisiae, Candida albicans, and Homo sapiens (3) (4) (5) (6) . Most of the information about Nmt's kinetic mechanism and substrate specificities comes from an analysis ofthe S. cerevisiae enzyme (Nmtlp). Nmtlp has an ordered sequential bi-bi reaction mechanism ( 
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The concentrations of myristic acid and myristoyl-CoA are at least 5-fold lower than palmitate and palmitoyl-CoA in eukaryotic cells (8) (9) (10) . Nonetheless, Nmtlp appears to be highly selective for myristoylCoA in vivo (11). It is not clear why myristate is used for this protein modification rather than other, more abundant cellular fatty acids such as palmitate.
The product inhibition studies used to define Nmtlp's kinetic mechanism revealed that Nmtlp has functionally distinguishable acyl-CoA and peptide binding sites (7) . The physicochemical properties of the acyl-CoA presented to Nmtlp can profoundly affect the enzyme's subsequent interactions with peptide substrates through cooperative interactions between the binding sites, consistent with the ordered bi-bi reaction mechanism (7, (11) (12) (13) . Over 200 fatty acid analogs have been tested in an in vitro assay of enzyme activity to define the structural features of the acyl chain of myristoyl-CoA that are recognized by Nmtlp (11) (12) (13) . These surveys suggested that (i) the acyl-CoA binding site can detect the distance from the carboxyl to the co terminus of a bound fatty acid, (ii) the shape of the c-terminal serving apparatus may be conical, the acuteness of the cone determining the enzyme's sensitivity to length versus steric volume, and (iii) the acyl chain is bound in a bent conformation. This latter conclusion was based on studies of C14 fatty acids having one double bond in either cis (Z) or trans (E) conformations or one triple bond (Y). Surveys of 12 tetradecynoylCoAs (Y2-Y13) revealed that all were substrates for Nmtlp with the exception of 5-tetradecynoyl-CoA, which was not bound (12) . 4-Tetradecynoyl-CoA and 6-tetradecynoyl-CoA were at least as active as myristoyl-CoA. In contrast, placement of a cis double bond between C5 and C6 resulted in an analog, (Z)-5-tetradecenoyl-CoA, that was a better substrate than either (Z)-4-, (Z)-6-, or (E)-5 tetradecenoyl-CoA or tetradecanoyl-CoA (12) . These findings suggested that the Abbreviation: Nmt, myristoyl-CoA:protein N-myristoyltransferase.
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bend was positioned between C5 and C6. We reasoned that if the location of this bend is measured from the carboxyl rather than methyl terminus of the acyl chain, it might be possible to convert palmitoyl-CoA from a very poor substrate to a better one by inserting a cis double bond between C5 and C6 or by placing a rigid linear element between C6 and C7.
RESULTS
Since earlier studies of tetradecynoic acids and tetradecenoic acids indicated that myristoyl-CoA had a bend between C5 and C6 when bound to Nmtlp, we generated a series of C8-C18 alkenyl and alkynyl analogs containing single double bonds or single triple bonds, respectively, to more precisely define the location of the bend and to assess to what degree the bend is measured from the carboxyl or w terminus (methyl group) of the acyl chain. Fatty acids with a single triple bond contain a rigid, colinear element of four carbons. A triple bond was placed between C4 and C5, C5 and C6, or C6 and C7 in C13:0, C15:0, and C16:0 to determine whether their relative activities as Nmtlp substrates would parallel the relative activities of Y4-, Y5-, and Y6-tetradecynoyl-CoAs.
Such a result would suggest that the location of the triple bond is "measured" by the enzyme's acyl-CoA binding site from the carboxyl (Cl) carbon. Inspection of the data presented in Table 1 indicates that placement of the rigid, linear element between C5 and C6 produces a profound reduction in activity (defined as the amount of analog GARASVLS-NH2 produced compared to myristoyl-GARASVLS-NH2 at 30°C) in C13, C15, and C16 fatty acids just as it did with C14:0.
Remarkably, movement of the triple bond one carbon toward the carboxyl or methyl terminus (i.e., placement between C4 and C5 or C6 and C7) in tridecanoic, pentadecanoic, and hexadecanoic acids not only "rescued" the loss of activity observed with the Y5 fatty acids but produced a considerable enhancement in the amount of acylpeptide produced in the single-point assay. For C15 and C16 fatty acids, this enhancement was greatest for the Y6 compounds. For the C13 and C14 fatty acids, the Y4 and Y6 derivatives had equivalent activities. These changes in activity could not be simply ascribed to differences in the efficiency of conversion to the corresponding acyl-CoAs (Table 1 and data not shown).
Introduction of a rigid colinear element beginning at C6 in the acyl chain of pentadecanoyl-CoA and palmitoyl-CoA (C15:Y6 and C16:Y6) increased their activities 6.5-and 5-fold (Table 1) , respectively. Kinetic analysis of C16:Y6 revealed that the change in activity reflects in large measure an increase in peptide Vm and a resulting 10-fold increase in peptide catalytic efficiency (Vm/Km). In contrast, there are no significant differences in the acyl-CoA Vm/Km of hexadecanoyl-CoA and 6-hexadecynoyl-CoA ( Table 2 ). The enhancement of activity obtained by placing a triple bond between C6 and C7 becomes less pronounced over that of the corresponding saturated acyl-CoA as chain length is reduced below C14 (Table 1) .
Substitution of para-substituted phenylene or a 2,5-furyl group for several methylene groups introduces a subunit whose rigidity is comparable to that of a triple bond and whose aggregate width is equivalent to that of four methylenes. We compared the activities of three compounds whose length was equivalent to 13 carbons and contained parasubstituted phenylene at C4, C5, and C6 (C13:Ar4, C13:Ar5, and C13:Ar6), two C14 fatty acids with a similar substitution at C5 or C6 (C14:Ar5 and C14:Ar6), and four C14 equivalent analogs with 2,5-furanyl placed at C4, C5, C6, or C7 (C14:Fu4, C14:Fu5, and C14:Fu6). Their activities were comparable to those of the corresponding tri-and tetradecynoic acids (Table 1) . Placement of para-phenyl or 2,5-furyl at C5 markedly reduced activity even though the fatty acids are good substrates for the acyl-CoA synthetase ( Table 1 ). The loss of activity appears to reflect their poor affinity for Nmtlp, since competition experiments indicated that these analog CoAs produce <10%o reduction in production of myristoylpeptide even when present in a 100-fold molar excess relative to myristoyl-CoA (data not shown). In contrast, movement of the -C4H6-and <C4H20> groups to C6 results in a significant enhancement of activity relative to the corresponding tridecanoyl-and tetradecanoyl-CoAs (Table  1) . Table 1 documents the increase in acylpeptide production by Nmtlp at 300C when a cis double bond is placed between CS and C6 of myristate and the marked reduction in activity when it is moved one carbon toward the carboxyl terminus [(Z)-4-tetradecenoyl-CoA has 15% ± 2% of the activity of tetradecanoyl-CoA] or two carbons toward the w terminus [(Z)-7-tetradecenoyl-CoA has 34% ± 28% of the activity]. Surveys of the corresponding (E)-4-, (E)-5-, (E)-6-, and (E)-7-tetradecenoyl-CoAs revealed that the analog with a trans double bond between C5 and C6 was the least active (18% ± 1% of C14:0-CoA), and the analog with a trans double bond between C7 and C8 was the most active (104% ± 11%).
The increase in activity observed after placing a cis double bond between C5 and C6 of myristoyl-CoA was also observed in palmitoyl-CoA: with (Z)-5-hexadecenoyl-CoA (C16:Z5) as a substrate, Nmtlp generates 4 times as much acylpeptide at 30°C in the single-point assay as with palmitoyl-CoA and 40%o ± 7% the amount produced with myristoyl-CoA. Kinetic analysis revealed that this change was due principally to an improvement in peptide catalytic efficiency (Table 2 ). In contrast, no significant improvement in activity was noted when a cis double bond was placed between C4 and C5 or C6 and C7 of palmitoyl-CoA (Table 1) (Table 1) .
Insertional mutagenesis of NMTI causes recessive lethality, indicating that Nmtlp is essential for vegetative growth (3) . One of the predictions of the ordered bi-bi reaction mechanism is that any change in the size of intracellular myristoyl-CoA pools or in the ability of Nmtlp to gain access to these pools should have a dramatic effect on the efficiency of protein N-myristoylation and therefore on cell viability. nmtl -181 encodes a mutant enzyme (nmtl81p) with a Gly451 --Asp replacement, which produces a 10-fold reduction in affinity for myristoyl-CoA at 37°C but not 24°C (15) . nmtl -181 strains have temperature-sensitive myristic acid auxotrophy: they will grow at the same rate as NMTJ strains in rich medium (yeast/peptone/dextrose; YPD) at 24°C but will not grow at 37°C unless YPD medium is supplemented with -500 ,LM myristate. Palmitate is unable to rescue growth at 37°C, presumably reflecting the fact that the extent of its conversion to C14:0 by j-oxidation is insufficient to satisfy the increased demands of nmtl-181p for myristoyl-CoA brought about by its Km defect.
The fatty acid analogs described above represent a series of probes that can be used to compare and contrast the acyl-CoA binding sites of Nmtlp and nmtl81p. In vitro single-point assays of the activities of C14 and C16 fatty acids containing single cis or trans double bonds, single triple bonds, or aromatic residues indicate that the overall shape of the acyl-CoA binding pocket is not grossly disturbed in nmtl81p (Table 1) . C16:ZS-CoA was 7-fold more active than C16:0-CoA at 24°C, but equivalent at 37°C. Introduction of a triple bond between C6 and C7 in palmitate converts palmitoyl-CoA from a poor substrate for nmtl81p (5-7% of myristoyl-CoA at 24-370C) to one whose activity is 68% ± 23% that Proc. Natl. Acad. Sci. USA 89 (1992) of myristoyl-CoA at 240C and 23% ± 2% at 370C. Remarkably, the amount of acylpeptide produced by nmtl81p when it was incubated with C14:Y6-CoA was 349%6 ± 13% of the amount generated with myristoyl-CoA at 240C and 1715% + 21% of that at 370C. This temperature-dependent increase in acylpeptide production was not noted when nmtl81p was incubated with the CoA derivatives of C14:0, C16:0, C16:Y6, C14:Z5, or C16:ZS; in each of these cases, the amount of acylpeptide formed was less at 37°C than at 240C (see Table  1 ).
Given the dependency of nmtl-181 strains on exogenous myristate for growth at the nonpermissive temperature and the ability of its protein product to utilize C14:Z5, C14:Y6, C16:Z5, and C16:Y6 in vitro, we examined whether these fatty acid analogs could support growth of isogenic NMT1 and nmtl-181 strains at 24-370C. If these compounds were substrates for S. cerevisiae acyl-CoA synthetase (15) and nmtl81p in vivo, their ability to support growth could be taken as evidence that one or more of the essential N-myristoylproteins produced by S. cerevisiae could express their biological functions with an unsaturated C16 rather than a saturated C14 fatty acid. An additional isogenic strain was used for these studies that contained nmtl-72, a mutant allele identified during a search for conditional mutations that restore conjugation of haploid strains in the absence of pheromone receptors (16 (1992) host-guest interaction and/or positioning of the guest in the acyl-CoA binding site. The acyl-CoA Vm/Km of palmitoylCoA is comparable to myristoyl-CoA, whereas its peptide catalytic efficiency is considerably worse. The enhancement of activity observed with C16:Z5-CoA (and C16:Y6-CoA) appears to be due to an improvement in peptide Vm/Km (see Table 2 ). This phenomenon may reflect (i) palmitoyl-CoA's inability to assume a conformation in the acyl-CoA binding site that mimics that of myristoyl-CoA, (ii) the ability ofthese strategically placed double and triple bonds to create a conformationally restricted 16-carbon acyl chain structure that "reproduces" that of myristoyl-CoA at least from Cl-C5, and/or (iii) a "spring-loading" effect, produced by interposing two additional methylenes between the "bend" and the w-terminal sensor, that subsequently facilitates assumption of the transition state. These considerations may have impact on the design of transition-state inhibitors or inhibitors that can mimic the spatial relationships of bound acyl chain, CoA, and peptide. Heteronuclear NMR methods should allow direct determination of the conformation of stable, isotope-enriched, fatty acid analog CoAs bound to Nmtlp.
The ability of C14:Y6 to partially rescue growth of two isogenic strains of S. cerevisiae that contain distinct nmtl mutations resulting in temperature-sensitive myristic acid auxotrophy is consistent with its enhanced activity relative to myristoyl-CoA in the in vitro assay system. Such rescue suggests that 6-tetradecynoic acid (C14:Y6) (i) is efficiently imported in this yeast, (ii) is activated by S. cerevisiae acyl-CoA synthetase Faalp or Faa2p (16), (iii) is incorporated into critical N-myristoylproteins, and (iv) does not prevent expression ofthe biological function ofthese proteins or that its triple bond is saturated prior to, or after, use as an Nmtlp substrate. The failure of C14:Z5 to rescue growth of strains containing nmtl-72 or nmtl-181 at the nonpermissive temperature (together with its lack of effect on the growth of an isogenic NMTI strain) indicates that this excellent substrate is not able to satisfy one or more of criteria i-iv. C16:Z5 and C16:Y6 have no effect on the growth of NMT1 strains at 24-37°C and do not rescue the growth arrest produced by nmtl-72 and nmtl-181 on YPD media at 37°C, suggesting that neither analog is imported, activated to its CoA thioester, and/or metabolically processed to the corresponding C14:Z5 or C14:Y6 derivatives at efficiencies necessary to overcome the defects in nmtl81p and nmt72p revealed at this temperature. Surprisingly, these two analogs completely (C16:Z5) or partially (C16:Y6) suppress growth of an nmtl-181 strain at the permissive temperature (24°C). It is important to note that this effect is analog-and strain-specific and that C16:0 at identical concentrations does not affect the growth of any of the three isogenic strains at 24°C. C16:Z5 and C16:Y6 have similar substrate properties in vitro for nmtl81p and Nmtlp at 24°C and are comparable to myristoyl-CoA (Table 1) . Thus, the ability of these compounds to produce growth arrest in nmtl-181 strains could reflect (i) their greater representation in critical N-myristoylproteins in strains producing nmtl81p compared to nmt72p or Nmtlp, together with the fact that these proteins require C14 fatty acids for expression of biological activity, and/or (ii) their ability to produce absolute or relative reductions in myristoyl-CoA pools used by nmtl81p so that the level of protein N-myristoylation is reduced below some critical level compatible with vegetative growth. Direct proof of i will require synthesis of radiolabeled C16:Z5 or C16:Y6 for metabolic labeling studies. Nonetheless, identification of conformationally restricted analogs of palmitate that are substrates for wild-type or mutant Nmts offers an opportunity to convert this myristoyltransferase to a palmitoyltransferase. By delivering (16 fatty acids to N-myristoylproteins in vivo, we should be able to begin to assess why C14:0 rather than unsaturated or longer acyl chains were "selected" for this cotranslational, covalent protein modification.
